| water (W) interface can be applied advantageously to studying the equilibrium and dynamic properties of metal ion complexes with ligands in organic and aqueous phases (for reviews, see Refs. 1 -6). The ligands studied were molecules that possess oxygen, nitrogen, or sulfur atoms, which can coordinate to metal ions to form Werner-type complexes by donating electron pairs. Alkene or olefin can also coordinate to transition metal ions to form organometallic π-complexes through σ-type donation from the filled π-orbital of the carbon-carbon double bond with concomitant π-backbonding into the empty π*-orbital. 7 We investigated the transfer of transition metal ions across an O | W interface assisted by the formation of π-complex with 1,5-cyclooctadiene (COD) present in the O-phase.
and tetrapentylammonium dicarbollylcobaltate (TPnADCC) were chosen as the solvent and electrolyte for the test O-phase, respectively, because of no π-electron capable of coordinating to metal ion in them. Welldeveloped voltammetric waves attributable to non-assisted transfer as well as COD-assisted transfer of Ag + ion across the DCH | W interface were observed within the potential window. In this paper, the voltammetric behavior is described. The formal potential of the non-assisted transfer of Ag + ion at the DCH | W interface and the formation constants of Ag + -COD complexes in the DCH medium were determined from the voltammetric data. The determined values were compared with those obtained by the potentiometry of Ag + ion in aqueous and DCH media with a Ag electrode.
Experimental
Reagent grade 1,5-cyclooctadiene was obtained from Wako Pure Chemicals Industries, Ltd. and used as received. 1,6-Dichlorohexane was obtained from Aldrich and purified as described previously. 7 Sodium dicarbollylcobaltate (NaDCC) was obtained from AZmax Co. Ltd. Tetrapentylammonium dicarbollylcobaltate was synthesized by mixing equimolar tetrapentylammonium bromide and NaDCC in 1:1:3 (v/v/v) water + ethanol + acetone, and recrystallized from 1:3 (v/v) ethanol + acetone. Silver dicarbollylcobaltate (AgDCC) was synthesized by mixing equimolar silver nitrate and NaDCC in water, and recrystallized from 1:3 (v/v) ethanol + acetone. Silver sulfate (99.5%) was obtained from Wako and used as received. Other chemicals were of reagent grade and used as received.
The COD-assisted transfer of Ag + ion across the DCH | W interface was studied by means of cyclic voltammetry using a three-electrode system. The electrochemical cell can be represented by cell-I:
where, M = mol dm -3 . The polarized DCH | W interface, that is, the test interface, is indicated by an asterisk. The electrolytic cell used in this study was essentially the same as that described elsewhere. 10 The surface area of the test interface was 0.038 cm 2 .
The applied potential (E) is defined as the terminal potential 901 ANALYTICAL SCIENCES AUGUST 2005, VOL. 21 2005 © The Japan Society for Analytical Chemistry of the right-hand reference electrode (RE1: Ag | 5 mM Ag2SO4, 0.01 M Li2SO4 (W)) referred to that of the left-hand one (RE2: Ag | AgCl | 0.1 M NaCl, 0.02 M NaDCC (W) | 0.02 M TPnADCC (DCH)). The solution resistance between the two reference electrodes was about 12 kΩ for cell-I. The applied potential E was controlled by a potentiostat furnished with a positive feedback iR compensation circuit. The E of cell-I is related to the Galvani potential difference across the polarized
where ∆Eref(O,W) is determined by the reference electrode system consisting of RE1 and RE2 in cell-I. The midpoint potential of the transfer of tetraethylammonium (TEA + ) ion at the DCH | W interface (Em,TEA) was determined to be 0.047 ± 0.010 V with cell-I, in which Phase III was replaced by 0.20 mM TEACl, 0.01 M Li2SO4 (W). The midpoint potential of TEA + ion at the DCH | W interface (∆ W O φm) under the tetraphenylarsoniumtetraphenylborate assumption is reported to be 0.090 V. 9 Therefore, the ∆Eref for cell-I can be determined to be -0.043 V. All of the experiments were performed at 25 ± 1˚C.
Results and Discussion
Non-assisted transfer of Ag + ion at the DCH | W interface 13 The midpoint potential, which can be equated to the reversible half-wave potential (rE1/2,Ag), is related to the formal potential of the non-assisted transfer of Ag
where D The voltammetric wave due to the non-assisted transfer of Ag + ion was also observed at 1,2-dichloroethane and nitrobenzene | W interfaces in the presence of the tetraphenylborate derivative as the supporting electrolyte anion in the O-phase by several authors. [14] [15] [16] They have been discussed that the experimental midpoint potentials, or reversible potentials, are highly dependent on the ion-pair formation of Ag + ion with the electrolyte anion. Fig. 3 . The ∆Ep(ν → 0) was determined to be 0.058 ± 0.004 V. The Em remained constant independently of ν (full triangles in Fig. 3 ) as well as *c W Ag , and was determined to be 0.111 ± 0.003 V with cell-I. These results indicate that the voltammogram of the transfer of Ag + ion at the DCH | W interface assisted by 10 mM COD in DCH-phase can be assigned also to a reversible CV of monovalent ion-transfer. Therefore, the association and dissociation of Ag + -COD π-complexes in the DCH-phase can be considered to be a fast process so that Eq. (5) below is valid everywhere in the DCHphase.
When Ag + ion was added to the DCH-phase as 0.20 mM AgDCC, a well-defined CV was also observed at the 10 mM COD, 0.02 M TPnADCC (DCH) | 0.01 M Li2SO4 (W) interface. The height of the cathodic peak current (ipc) was proportional to ν 1/2 . The ∆Ep(ν → 0) was determined to be 0.062 ± 0.005 V with cell-I. The Em remained constant independently of ν, and was determined to be 0.112 ± 0.003 V with cell-I, which is in fair agreement with Em = 0.111 V mentioned above. These results indicate again that the voltammogram of the CODassisted transfer of Ag + ion at the DCH | W interface can be assigned to a reversible CV of monovalent ion-transfer. From the ipc-value, the diffusion coefficient of Ag + ionic species in the DCH-phase was determined to be (1.3 ± 0.4) × 10 -6 cm 2 s -1 .
The ipa at the x mM COD, 0.02 M TPnADCC (DCH) | 0.10 mM Ag2SO4, 0.01 M Li2SO4 (W) interface was independent of the bulk concentration of COD in DCH (*c O COD ) between 2.0 and 400 mM, whereas Em was shifted to more negative potentials with increasing *c O COD , as shown by the plot a in Fig. 6 . We consider the reversible or Nernstian transfer of Ag + ion across the O | W interface assisted by the formation of complexes of Ag + ion with COD in the O-phase: 
where D O is the common diffusion coefficient of Ag + ionic species in the O-phase. Here, K O AgCODp is the overall formation constant of Eq. (3), defined by
where c O i is the concentration of species i (= Ag + , COD, and [AgCODp] + ) in the O-phase. In the present study, a sulfate medium was used for the W-phase. It has been reported that Ag + ion is known to form 1:1 and 1:2 Ag + -SO4 2-complexes in the aqueous media; the formation constants were determined to be 1.7 × 10 0 M -1 and 1.9 × 10 0 M -2 in 3 M NaClO4 (W), respectively. 19 The formation constants are so small that the complex formation of Ag + ion with SO4 2-ion in the W-phase is neglected here and in the following.
The voltammetric data can be analyzed by the polynomial regression analysis of the DeFord-Hume F1 function 20 to least squares. We define the DeFord-Hume F1 function as
The Fig. 7 . The polynomial equation was evaluated according to suitable criteria to select the best regression equation. 21 The best regression line was given as
indicating that the transfer of Ag + ion is assisted by the formation of 1:1 and 1:2 Ag 
Potentiometry with Ag electrode
The electromotive force of cell-II (EMF O Ag ):
and cell-III (EMF W Ag ): 
where ∆Eref(α) is determined by the reference electrode system in cells-II and -III. As shown in 
In view of the reference electrode system of cells-I, -II, and -III, we have
From Eqs. (1), (8), (9), and (10), the formal potential E Fig. 6b . The above results indicate that ion-transfer voltammetry at the liquid | liquid interface can also be applied to the study of the formation of organometallic π-complexes with olefin ligands. Recently, the formation of π-complex of Ag + ion has been utilized in, e.g., the separation of polyunsaturated fatty acids, such as eicosapentaenoic and docosahexaenoic acids, from other fatty acids in fish oils. 22, 23 Well-defined voltammetric waves due to the assisted transfer of Ag + ion have been observed at the DCH | W interface by addition of 5,8,11,14,17-eicosapentaenoic and 4,7,10,13,16,19-docosahexaenoic acid ethyl esters to the DCH-phase. The voltammetric results and the analytical application will be published in a following paper.
